The tryptophanase structural gene, tnaA, of Escherichia coli K-12 was cloned and sequenced. The size, amino acid composition, and sequence of the protein predicted from the nucleotide sequence agree with protein structure data previously acquired by others for the tryptophanase of E. coli B. Physiological data indicated that the region controlling expression of tnaA was present in the cloned segment. Sequence data suggested that a second structural gene of unknown function was located distal to tnaA and may be in the same operon. The pattern of codon usage in tnaA was intermediate between codon usage in four of the ribosomal protein structural genes and the structural genes for three of the tryptophan biosynthetic proteins.
The tryptophanase structural gene, tnaA, of Escherichia coli K-12 was cloned and sequenced. The size, amino acid composition, and sequence of the protein predicted from the nucleotide sequence agree with protein structure data previously acquired by others for the tryptophanase of E. coli B. Physiological data indicated that the region controlling expression of tnaA was present in the cloned segment. Sequence data suggested that a second structural gene of unknown function was located distal to tnaA and may be in the same operon. The pattern of codon usage in tnaA was intermediate between codon usage in four of the ribosomal protein structural genes and the structural genes for three of the tryptophan biosynthetic proteins.
Tryptophanase is found in bacteria exclusively and is primarily present in those species indigenous to the intestinal tracts of animals (10) . Although the importance of tryptophanase to bacteria is not completely understood, what is known about its catalytic activities and formation suggests that it is a catabolic enzyme. Tryptophanase has many enzymatic activities. In addition to catalyzing tryptophan degradation (21, 28) , resulting in stochiometric production of indole, pyruvate, and ammonia, tryptophanase can synthesize tryptophan from indole and serine (21, 28, 32) . It is this latter reaction that provides the basis for the genetic selection of tnaA+ (33) ; i.e., in mutant strains that cannot produce functional tryptophan synthetase j6 chains, tryptophanase is the only enzyme the bacterium can form that allows utilization of indole as a substitute for tryptophan. In Escherichia coli, synthesis of tryptophanase is inducible by tryptophan (30) . Genetic and physiological studies have established that cyclic AMP and the catabolite gene activator protein (CAP) are required for tryptophanase expression (4, 31) . To study the structure and regulation of tnaA, we cloned and sequenced this structural gene and its surrounding regions.
For a complete review of the properties of tryptophanase, see the article by Snell (28) .
MATERIALS AND METHODS
Media. The following medium allows growth of trpB strains that are tnaA+ (33): Vogel and Bonner minimal salts (30)-10 gg of indole per ml-50 gg of DL-5-methyltryptophan per ml-0.2% glycerol. Addition of 0.5% acid-hydrolyzed casein to this medium promotes rapid growth. Difco antibiotic medium no. 3 and nutrient broth were also used.
Bacterial strains. The bacterial strains employed in these studies are listed in Table 1 .
Procedure for in vivo cloning of tnaA +, using Mu-mediated transposition onto conjugative plasmid RP4. Cultures of strains 678(RP4) and MD42 were grown overnight at 30 and 37°C, respectively, in antibiotic medium no. 3 , diluted at least 10-fold in the same medium, and grown to a density of about 5 1 mg of bovine serum albumin per ml). The volume was then adjusted to 1 ml with lysis buffer. S-o-nitrophenyl-L-cysteine degradation by tryptophanase was initiated by the addition of 1 ml of 0.66 mM S-o-nitrophenyl-L-cysteine in water (at 30°C), and the reaction was allowed to proceed for 10 min at 300C. The reaction was terminated by the addition of 0.2 ml of 1 N NaOH. The extent of tryptophanase action was estimated by measuring the increase in absorbance at 420 nm. One unit of tryptophanase is defined as the amount of enzyme that produces an increase in absorbance of 1.0 at 470 nm in 10 min at 30°C. Protein concentrations were determined by the Bio-Rad protein assay procedure (6) . Bovine serum albumin was used as the protein standard.
RESULTS
tnaA was initially cloned in vivo by using the method of Laird et al. (19) . The recipient bacterium in these experiments, MD42, is Trp-and unable to utilize indole as an L-tryptophan source. The Trp+ donor bacterium 678(RP4) does not survive the temperature induction of lysogenic Mu c(Ts), which it contains, whereas MD42, lysogenic for Mu', does survive. When these strains are mated at 420C, only MD42 cells which acquire an RP4 derivative bearing tnaA + or trpB+ will survive in a medium containing an antibiotic to which RP4 confers resistance and indole as the sole source of L-tryptophan. When these strains were mated under the conditions described above and the exconjugants were plated upon tnaA + selective medium containing 15 ug of tetracycline per ml, colonies appeared at a frequency of 5/109 recipient cells. Twentyfive colonies from these matings were picked and purified by being streaked on the same selective medium. We distinguished cloned tnaA+ isolates from trpB+ isolates by testing each isolate's abilities to grow on two media. 
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Strains which contain normally regulated tnaA + require tryptophan or 5-methyltryptophan for induction of tryptophanase activity (2, 33) . The addition of glucose to the medium severely represses tryptophanase induction (4, 31, 33) . trpB + tnaA strains do not exhibit these regulatory characteristics. Therefore, isolates requiring 5-methyltryptophan for growth on medium containing indole as a source of L-tryptophan and which are unable to grow when glucose is substituted for glycerol as a carbon source have tnaA+ rather than trpB+ on the plasmid (2, 4, 31, 33) . Four isolates with the correct characteristics were retained.
To prove that tnaA + was indeed inserted into RP4, plasmid DNA was isolated from the four strains and used to transform Trp-tnaA strain MD42 to Trp+. Each of the DNAs gave multiply drug-resistant Trp+ transformants. These transformants exhibited the same phenotypic characteristics as the original isolates.
EcoRI fragments of one of the tnaA + plasmids were ligated into the single EcoRI site of plasmid pACYC184. Transformation of Trp-tnaA strain MD56 with this ligation mixture yielded 12 colonies that were tetracycline resistant and Trp+. When the plasmids in these transformants were examined, all possessed an EcoRI fragment approximately 8,500 base pairs (bp) in length, in addition to the 4-kilobase vector. DNA of one of the recombinant plasmids, designated pMD1, and pACYC184 DNA were used in subsequent transformations of strain MD56 to verify the association of the Trp+ phenotype with the 8,500-bp insert. Plasmid DNA was prepared from a pMD1 transformant, and a restriction map was constructed (Fig. 1) .
To Each had the same 6,100-bp fragment insert. They differed only in the orientation of the insert in the vector. They were designated pMD2 and pMD2R. pMD3, a plasmid containing a 5,600-bp BamHI segment from pMD1, was also found to confer the Trp+ phenotype. Neither PstI fragment from pMD1, when recloned into pBR322, conferred the Trp+ phenotype, suggesting that there is a PstI site within tnaA.
Inspection of the restriction maps of pMD2 and pMD3 localized the tryptophanase structural gene to a 3,200-bp HindHII/Bam-HI segment of pMD1 (Fig. 1) . As predicted, a PstI site was present within this region. To construct a plasmid containing only the tnaA + segment from pMD1, pMD1 and pBR322 were digested with HindIII and BamHI, a mixture of these fragments was ligated, and the resulting products were used to transform Trp-MD55 to Trp+. When the plasmid DNAs from these Trp+ transformants were examined, each was found to contain the 3,200-bp segment from pMD1.
To determine whether tnaA+ on pMD6 was regulated normally, strain MD55(pMD6) was tested for its ability to produce tryptophanase when exposed to increasing levels of L-tryptophan in glycerol medium and for its sensitivity to glucose in a medium containing high levels of tryptophan (120 ,ug/ml). Tryptophanase specific activity increased with increasing inducer (Ltryptophan) concentration (Fig. 2) . Tryptophanase expression in this strain was severely repressed by glucose (Fig. 2) .
To find the tnaA-reading frame within pMD6, we prepared a detailed restriction map of the plasmid and sequenced two HinfI segments around the single PstI site within the insert (Fig.  3) . A comparison of the deduced amino acid sequences from the determined DNA sequences with the protein structure data of the E. coli B tryptophanase (15) allowed us to identify the tnaA-reading frame. As predicted, a PstI recognition sequence existed within tnaA, 620 bp downstream from the first codon. Figure 3 presents the sequencing strategy employed in the determination of the entire tnaA sequence and its flanking regions. The nucleotide sequence of each strand of DNA was determined at least once. the E. coli B tryptic fragment catalog. Table 2 compares the deduced amino acid composition of the K-12 tryptophanase to that experimentally determined with the enzyme ofthe B strain. Sol. i peptide numbers: 
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coli K-12. Figure 5 presents the nucleotide sequence of the region immediately upstream from the tnaA start codon. The absence of a long, open reading frame in this region suggests that it is not translated and, therefore, that it may contain the promoter and regulatory region controlling tryptophanase production. In this regard, there is a 16-bp sequence exhibiting extensive dyad symmetry and homology with the CAP-binding site in the lac operon (27) . This site is centered 378 bp upstream from the tnaA start codon (Fig. 5) . Since 10 of the symmetrical 16 bp are identical to those of the lac CAP-binding site, it is likely that this region of the tnaA operon is the site of CAP recognition. There are several sequences homologous to known RNA polymerase-binding regions downstream from the potential CAPbinding site. These are not indicated in Fig. 5 . Experiments are in progress to determine the exact location of the tnaA promoter.
The nucleotide sequence of the 850 bp immediately downstream from tnaA was determined. A continuous reading frame was found beginning 90 bp from the end of tnaA (Fig. 6) . A sequence complementary to the 3' end of 16S rRNA of E. coli, a possible ribosome recognition region (26), was present 7 bp before the first ATG codon of the presumed gene. These findings suggest that there is a structural gene, in the same orientation, just beyond tnaA.
Plasmids pMD1, pMD2, pMD2R, pMD3, pMD6, and pMD13 were used as templates in an in vitro coupled transcription-translation system (34) . The labeled polypeptide products were analyzed by sodium dodecyl sulfate-polyacrylamide gel (12.5%) electrophoresis. Plasmids pMD1, pMD2, and pMD2R directed the synthesis of two intensely labeled polypeptides, 52,000 and 60,000 to 70,000 in molecular weight (Fig. 7) .
The 52,000-dalton protein migrated identically to pure E. coli B tryptophanase (data not shown). Plasmid pMD13, which contains an insertion of 260 bp of DNA from the E. coli biotin operon at the PstI site of tnaA, did not confer the Trp+ phenotype. This plasmid, when used as a template in the S30 system, failed to direct the synthesis of the 52,000-dalton protein (Fig.  7) , but did direct the synthesis of a 20,000-dalton polypeptide. If translation of the tnaA-reading frame were to halt within the inserted 260-bp PstI fragment, a polypeptide of about 20,000 to 28,000 daltons would be produced. This suggests that the 20,000-dalton protein is the truncated fusion polypeptide translated from the start of the tnaA-reading frame of plasmid pMD13. (27) The tnaA nucleotide sequence was determined with pMD6 DNA and was used to deduce the tryptophanase amino acid sequence (Fig. 4) . On the basis of protein structure data for the E. coli B enzyme, Kagamiyama et al. (15, 16) have predicted a polypeptide length of 474 amino acid residues. The polypeptide length deduced from the K-12 DNA sequence is 471 residues, in exceilent agreement with their data. The amino W-~acid compositions of the two tryptophanases are quite similar (Table 2) , and tryptic fragments identified from the E. coli B enzyme closely match the deduced amino acid sequence of the enzyme from K-12 (Fig. 4) .
Two patterns of codon usage, evident in E. coli structural genes, were reflected in the set of four ribosomal protein genes (rplA, rpIK, rplJ, and rpIL) and the set of three tryptophan biosynthetic protein genes (trpE, trpB, and trpA). The codons preferentially used in the ribosomal Coupled in vitro transcription-translation, protein genes are those that are efficiently recthrough 8 present the labeled polypeptides ognized by the most abundant tRNA species (12, d in an S30 extract when the following plas-23). Preference for these codons h's not been ?re used as templates: (1) pACYC184; (2) observed in the genes for the tryptophan biosyn-3) pMD13; (4) pMD2; (5) pMD2R; (6) pMD3; the gens for the Codophan tn-6; (8) pBR322. Electrophoresis was from top thetic proteins (9, 22) . Codon usage in tnaA n. The lettered arrows indicate the polypep-resembled each of these classes, depending on coded by: (A) the structural gene located which amino acid was considered (Table 3) . a from tnaA; (B) tnaA; (C) the /3-lactamase Thus, the pattem of codon usage for leucine, zl gene; (D) the chloramphenicol resistance valine, histidine, threonine, alanine, tyrosine, ) the tnaA-reading frame ofplasmid pMD13, and glutamic acid residues paralleled the codon ng an insertion of 260 bp at codon number usge in the trp genes. However, codon usage for tein was labeled with ['S]methionine.
proline residues resembled codon usage in the rpl genes. There was no significant difference in ng RP4: :Mu c(Ts): :tnaA+ plasmids. By the two classes in the choice of codons for phening DNA fragments from one of these ylalanine, lysine, isoleucine, arginine, and gluta-[s, we constructed plasmid pMD6, which mine residues. Codon usage in tnaA for glycine, asparagine, cysteine, and aspartic acid residues appeared internediate between the patterns evident in the rpl and trp genes. The interesting feature of codon usage in tnaA, thus, is that the pattern was intermediate between those of highly expressed and occasionally expressed genes (12) .
The existence of an open reading frame beginning 90 bp past the stop codon of tnaA and continuing at least 750 bp suggests that there may be a-second gene coregulated with and immediately downstream from tnaA (Fig. 6 ). There is a potential "Shine and Dalgarno" sequence -11 to -7 base pairs ahead of the presumed start codon (26) . Although the identity of this second gene is uncertain, three lines of evidence suggest that it may encode the low-affinity tryptophan permease. First, some mutants selected for their inability to use tryptophan as the sole source of carbon were not only tryptophanase deficient, but also were deficient in the low-affinity tryptophan permease (8) . Second, the low-affinity pernease has been shown to share the same regulatory characteristics as tnaA; that is, both activities are tryptophan inducible and sensitive to glucose repression (2-4, 8, 31, 33) . Third, phage P1 transduction data indicate that mutations affecting inducible tryptophan permease production are closely linked to tnaA (D. Oxender, personal communication).
These observations suggest that expression of the low-affinity permease is associated with expression of tryptophanase, a finding consistent with the interpretation that the two structural genes may be in the same operon.
